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Abstract 

Whole-body water immersion (Wl) lias been reported to cliange sensorimotor integration. However, primary motor cortical 
excitability is not affected by low-intensity afferent input. Here we explored the effects of whole-body Wl and water flow 
stimulation (WF) on corticospinal excitability and intracortical circuits. Eight healthy subjects participated in this study. We 
measured the amplitude of motor-evoked potentials (IVlEPs) produced by single transcranial magnetic stimulation (TMS) 
pulses and examined conditioned IVIEP amplitudes by paired-pulse TMS. We evaluated short-interval intracortical inhibition 
(SICI) and intracortical facilitation (ICF) using the paired-TMS technique before and after 15-min intervention periods. Two 
interventions used were whole-body Wl with water flow to the lower limbs (whole-body WF) and whole-body Wl without 
water flow to the lower limbs (whole-body Wl). The experimental sequence included a baseline TIVIS assessment (TO), 
intervention for 15 min, a second TIVIS assessment immediately after intervention (T1), a 10 min resting period, a third TIVIS 
assessment (T2), a 10 min resting period, a fourth TIVIS assessment (T3), a 10 min resting period, and the final TIVIS 
assessment (T4). SICI and ICF were evaluated using a conditioning stimulus of 90% active motor threshold and a test 
stimulus adjusted to produce MEPs of approximately 1-1.2 mV, and were tested at intrastimulus intervals of 3 and 10 ms, 
respectively. Whole-body WF significantly increased MEP amplitude by single-pulse TMS and led to a decrease in SICI in the 
contralateral motor cortex at T1, T2 and T3. Whole-body WF also induced increased corticospinal excitability and decreased 
SICI. In contrast, whole-body Wl did not change corticospinal excitability or intracortical circuits. 
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Introduction 

Many studies liave investigated the utility of transcranial 
magnetic stimulation (TMS) to examine the effects of afferent 
sensory input on excitability in the human motor cortex. Motor- 
evolved potentials (MEPs) are affected by preceding electrical 
stimuli to mixed [1-3] or cutaneous nerves [4-6]. In addition, 
continuous afferent inputs have the capacity to alter cortical maps 
and modulate corticomotor excitability. Previous human studies 
have shown that a period of sensory stimulation increases 
corticomotor excitability for a period oudasting the stimulus 
[5,7]. The anatomical substrate of this phenomenon is based on 
functionally specific reciprocal connectivity between the primary 
motor cortex (Brodmann area 4; MI) and primary somatosensory 
cortex (Brodmann areas 1, 2, and 3; SI) [8]. A physiological basis 
for sensory-driven enduring effects is changes in synaptic efficiency 
through time-dependent associative neuronal activities [9]. 



Various modalities of afferent input (mechanical, electrical and 
magnetic) have been employed in attempts to influence structures 
controlling motor neurons. TMS has been successfully used to 
map changes in motor organization, corticospinal excitability, 
sensorimotor organization, and intracortical circuits after periods 
of continuous afferent input. In many cases, the effects appear to 
have a somatotopical organization, in which the largest changes in 
MEPs are observed in the muscles nearest to the site of 
stimulation. Numerous studies suggest the peripheral nerve and 
cutaneous stimuli have no effect on F-waves [10-14] and that they 
are generally presumed to be due to an interaction at a cortical 
level. 

For therapeutic applications, delivery of sensory stimuli to a 
broader area rather than a single muscle or nerve seem 
advantageous. We have previously shown that whole-body water 
immersion (Wl) increases cutaneous afferent input and leads to a 
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modulation of sensorimotor integration [15-17]. However, low- 
intensity aflFerent stimuli by whole-body WI did not alter 
corticospinal excitability or intracortical circuits. In the present 
study, we investigated the efTect of water flow stimulation (WT) by 
utilizing a water flowing device. During water immersion, alferent 
inputs from cutaneous type II fiber groups were generated to 
stimulate SI, mainly the Brodmann area 3B [16]. Furthermore, 
during whole-body WF, the muscles and joints are forced into an 
unsteady motion. Thus proprioceptive inputs also activate motor 
cortical cells, as previously demonstrated by neurographic analyses 
[18-20]. In addition, MI excitability of the hand area is enhanced 
by not only vibration stimuh to the hand but also to the entire 
body [21]. This indicates that water flow stimulation to the whole- 
body might induce an increase in MI excitability of the hand. 

Here, we explored the effects of whole-body WI and WF on 
corticospinal excitability and intracortical circuits by measuring 
MEP amplitudes by single-pulse TMS and conditioned MEP 
amplitudes using paired-pulse TMS. Our previous studies have 
shown that whole-body WI enhanced SEP gating [16] and 
modulated sensorimotor integration [17]. However, whole-body 
WI did not change corticospinal excitability and intracortical 
excitability because the afferent input during water immersion was 
not enough to change MI excitabilit)' [17]. Modulatory effects that 
oudast electrical and vibrated stimulation at different stimulus 
intensities is evidence that stimulus intensity can modulate motor 
cortical plasticity [1 1,22]. Chipchase et al. [23] also suggested that 
stimulus intensity is an important parameter in the modulation of 
corticomotor excitability. Therefore, we postulated that increased 
excitability within the contralateral MI following whole-body WF 
is due to increasing stimulus intensity induced by water flow. 

Materials and Methods 

1. Subjects and experimental design 

Eight healthy, right-handed, male volunteers (age range, 19-25 
years) without neurological deficits were enrolled as subjects for 
the present study. Written informed consent was obtained from 
each subject after the experimental nature of the study was fuUy 
explained. The study was conducted in accordance with the 
Declaration of Helsinki and approved by the local ethics 
committees of Niigata University of Health and Welfare. 

The subjects wore only swimwear and were seated on a 
comfortable recUning armchair with a mounted headrest during 
measurement and intervention. The experimental sequence 
included baseline TMS assessment (TO), intervention for 15 min, 
a second TMS assessment immediately after intervention (Tl), a 
10 min resting period, a third TMS assessment (T2), a 10 min 
resting period, a fourth TMS assessment (T3), a 10 min resting 
period, and a final TMS assessment (T4; Figure 1). This setup was 
performed in 3 separate protocols with 2 interventions. The two 
interventions were performed in a randomized order: (1) whole- 
body WI and (2) whole-body WF. The amplitude of the test MEP 
increased in response to continuous afferent stimulation in the 
whole-body WF trial. Therefore, we adjusted the stimulus intensity 
in subsequent trials so that the MEP amplitude remained the same 
throughout the experimental period for whole-body WF because 
short-interval intracortical inhibition (SICI) and intracortical 
facilitation (ICE) are affected by the size of the test MEP. AU 
subjects underwent the experimental protocol with an interval 
between sessions of at least 5 days. 

2. Interventions 

AU interventions lasted for 15 min. The subjects were seated on 
a comfortable reclining armchair at rest on land as a control or in 



water for both whole-body WI and WF. The subjects assumed the 
same body position under all conditions using a belt to avoid 
muscle contractions. For whole-body WI and WF interventions, 
both ambient and water temperatures were set at 30°C. The tank 
in which the subjects were seated was filled with water up to the 
axillary level of the subjects. For whole-body WF intervention, the 
water flow stimulation was applied to the total lower limb area 
using a sluicing device (Flow Power-M; Japan Aqua Tech Co., 
Ltd, Japan). Flow velocity was set at 0.8-1.0 m/sec. Subjects were 
instructed to distract attention from the WF. Figure 2 shows the 
experimental setting of the study. 

3. TIVIS assessment and electromyography (EMG) 
recording 

TMS was performed using two Magstim 200 magnetic 
stimulators (Magstim Company, Ltd, Dyfed, Wales, UK) con- 
nected by a Y-cable to a figure-8 coil with an external wing 
diameter of 9 cm. The coil was held in place with the handle 
pointing backwards and laterally at approximately 45° to the 
sagittal plane and was optimally positioned to obtain MEPs in the 
right first dorsal interosseus (FDI) muscle. The site was marked on 
the skull to allow the experimenter to reposition the coil in the 
same spot before each measurement. With this coil orientation, the 
induced current to the brain flowed in the posterior to anterior 
direction. 

Surface muscle responses were obtained using surface electrodes 
placed over the right FDI muscle using 9 mm diameter, 
disposable, adhesive, sih'cr/ silver-chloride surface electrodes. 
The active electrode was placed over the muscle belly and the 
reference over the interphalangeal joint of the index finger. Signals 
were amplified and filtered (gain x 1000, 5 Hz-1 kHz; AB-601G; 
Nihon Kohden Corp., Tokyo, Japan) and then transferred via a 
micro 1401 laboratory interface (Cambridge Electronic Design, 
Ltd., Cambridge, UK) to a personal computer for further analysis. 
The magnetic stimulation threshold for eliciting responses in the 
FDI muscle was determined both when subjects were relaxed and 
during a weak background voluntary contraction of approximately 
5% of the maximum value. The subjects were instructed to view 
the EMG activity as visual feedback to assist in complete 
relaxation or to maintain a constant level of background activity. 
The resting motor threshold (rMT) was defined as the TMS 
intensity required to produce responses of S50 |iV in at least 5 of 
10 successive trials. For the active motor threshold (aMT), a 
minimal response of 200 |xV was necessary in 50% of all trials 
[24]. 

4. TMS paradigm 

SICI and ICE were studied using the techniques described by 
Kujirai et al. [25] and Ziemann et al. [26] . In brief, two TMS pulses 
were administered through the same stimulating coil over the left 
motor cortex and the effect of the first (conditioning) stimulation 
on the second (test) stimulation was measured. The conditioning 
stimulus (CS) was set at an intensity of 90% AMT. The intensity of 
test stimulus (TS) was adjusted to elicit an unconditioned test MEP 
in the relaxed right FDI of approximately 1-1.2 mV peak-to-peak 
amplitude. The inter-stimulus intervals (ISIs) were selected as 3 or 
10 ms. Each trial block consisted of 3 different stimuli; (i) test 
stimulus alone, (ii) tests plus conditioning stimuli at 3 ms, and (iii) 
test plus conditioning stimulus at 10 ms. The order of presentation 
of the 3 stimuU was randomized using a computer and 1 0 trails of 
each type were recorded per block. As reported previously 
[11,22,27], the amplitude of the test MEP increases in response 
to continuous afferent stimulation. Because SICI and ICF are 
affected by the size of the test MEP, we adjusted the stimulus 
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Figure 1. The experimental sequence used in tKie present study. 

doi:1 0.1 371/journal.pone.0102472.g001 

intensity in subsequent trials so that the MEP amplitude remained 
the same throughout the experimental period for whole-body WF. 
Regarding terminology, MEPtestj MEPgid, and MEPigf 
referred to peak-to-peak amplitudes of the test MEP alone, 
averaged MEP in conditioned stimulus at an ISI of 3 ms, and 
MEP in conditioned stimulus at an ISI of 10 ms, respectively. SICI 
and ICF were defined as the ratios of MEPgia amplitude to 
MEPfEsi amphtude and of MEPjgf amplitude to MEPtest 
amplitude, respectively. 

5. Statistical analysis 

For the rMT and aMT (expressed as percentage of maximum 
stimulator output), a 2-factorial repeated measures analysis of 
variance (ANOVA) was performed with the within-subject factors 
of "time" (5 levels: TO, Tl, T2, T3, and T4) and "intervention" (2 
levels: \\liol(:-l)ocly WI, and whole-body WF). 

A repeated measured ANOVA was used to assess the effects of 
intervention on MEP amplitudes separately for each "ISI" (3 
levels: single TMS, ISI 3 ms and 10 ms) with within-subject factors 
"time" (5 levels: TO, Tl, T2, T3, and T4) and "intervention" (2 
levels: whole-body WI and whole-body WF). A repeated measures 
ANOVA was used to assess the effect of intervention on 
conditioned amplitudes separately for each "ISI" (2 levels: ISI 
3 ms (SICI) and 10 ms (ICF)) with within-subject factors "time" (5 
levels: TO, Tl, T2, T3, and T4) and "intervention" (2 levels: 
whole-body WI and whole-body WF). 

If the assumption of sphericity was violated in Mauchly's 
sphericity test, the degree of freedom was corrected using the 
Greenhouse-Geisser correction coefficient epsUon, and F and p 
values were recalculated. Post-hoc tests (Bonferroni-Dunn) were 
performed, and the significance level was set at 5%. 



Results 

1 . Motor threshold 

Figure 3 presents the changes in rMT and aMT. For rMT, a 
repeated measures ANOVA revealed significant interactions 
between "intervention" and "time" (F[4,28] =8.01, /)<0.01) and 
significant effects due to "time" (F[4,28] = 7.52, ^<0. 01), but none 
of the interactions were due to "intervention" (F[l,7] = 3.04, 
j() = 0.13). Post-hoc comparisons at each intervention revealed 
significant decreases at Tl, T2, and T3 compared with TO in 
whole-body WF (/(<0.05). On the other hand, for aMT, a 
repeated measures ANOVA revealed no interaction between 
"intervention" and "time" (F[4,28] = 1.30, /) = 0.30). 

2. MEP amplitude induced by non-adjusted TS 

Figures 4 and .5 present the representative waveforms and mean 
amplitudes of MEPs for all interventions, respectively. A repeated 
ANOVA revealed a significant interaction between "intervention" 
and "time" (F[4,28] = 1 1.25, 13.49, and 5.06, jf<<0.01) for 
MEPtesT) MEP3 and MEPio ms- There were main effects of 
"inter\^ention" (F[l,7] = 22.80, /)<0.01, F[l,7] = 19.45, /)<0.01, 
and F[l,7] = 18.30, ^<0.01) and "time" (F[4,28] = 15.86, 
p<QX)\, F[4,28] =20.03, p<()X)\, and F[7,63] = 4.59, /)<0.01) 
for MEPtesT) MEP3 and MEPio ms, respectively. Post-hoc 
comparisons at each ISI revealed significant increases in amplitude 
at Tl, T2, and T3 compared with TO and T4 in whole-body WF 
for MEPtest (/»<0.05). Post-hoc comparisons revealed amplitudes 
significant increased at Tl, T2, and T3 compared with TO and T4 
in whole-body WF for MEP3 ms and MEPio ms (/'<0.05). 
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Figure 3. rMT and aMT for each intervention. White and black bars show the period of whole-body Wl and WF, respectively. Asterisks (*. 
indicate significant differences (p<0.05) compared with TO. 
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3. MEP amplitude induced by adjusted TS 

Figure 6 presents the mean amplitudes of MEPs induced by 
adjusted TS for whole-body WT interventions. A repeated 

measures ANOVA revealed a significant interaction between 
"intervention" and "time" (F[4,28] = 7.25, p<QM) for MEP3 
but none between MEPtest (F[4,28] = 0.20, p = Om) and 
MEPionis (F[4,28] = 0.13, p = 0.97). There were main eflFects of 
"time" (F[4,28] = 7.03, p<O.OVj for MEP3 but not for 
MEPtest (F[4,28] = 0.22, jft = 0.93) or MEP,„ (F[4,28] = 0.21, 
p = 0.9?>). Post-hoc comparisons revealed amplitudes significandy 
increased at Tl, T2, and T3 compared with TO and T4 in whole- 
body WF for MEP3 ^ (/)<0.05). 

4. SIC! and ICF 

Figure 7 presents the changes in SICI and ICF for each 
intervention. A repeated measures ANOVA revealed a significant 
interaction "intervention" and "time" (F[4,28] - 9.79, p<O.Ol) for 
SICI, but no between-interactions for ICF (F[4,28] = 0.21, 
p = 0.93). There were main effects of "time" (F[4,28] = 6.73, p< 
0.01) for SICI, but not for ICF (F[4,28] = 0.1 7, ^ = 0.95). Post-hoc 
comparisons revealed amplitudes significantly increased at Tl, T2, 
and TS compared with TO and T4 in whole-body WF for SICI 
(p<0.05). 

fi^ Whple-bpdy water immersion 
MEPtest MEP,,, MEPion« 



Discussion 

In the present study, we examined the effects of whole-body WF 
on corticospinal excitability and intracortical inhibitory and 
excitatory circuits. Although only whole-body Wl did not result 
in changes in MEP amplitude induced by single-pulse TMS, for 
SICI and ICF, whole-body WF increased the MEP amplitude 
induced by single-pulse TMS and decreased SICI. Whole-body 
WF did not change ICF. These results suggest that whole-body 
WF modulates corticospinal excitability as well as short intracor- 
tical inhibition, but not intracortical facilitation. 

Wl can alter numerous physiological parameters depending on 
physical characteristics, such as hydrostatic pressure and temper- 
ature. Several studies have revealed that Wl can provide relief 
from edema and improve blood flow [28-30] . Recent studies have 
shown that whole-body Wl can activate a large area of the 
somatosensory cortex and that it impacts multimodal sensory 
processing [16], as well as changes in sensorimotor integration 
[17]. The present results indicate that whole-body Wl did not alter 
corticospinal excitabihty or intracortical circuits, in accordance 
with our previous results [17]. On the other hand, whole-body WF 
increased corticospinal excitability and decreased SICI, which 
continued for at least 30 min. The present study is the first to 
investigate corticospinal excitability and intracortical excitability 

B) Wtlole-bo(^ water How stimulation 
MEPtest MEPj„, MEP,^. 
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Figure 4. Raw data traces from a representative subject for each intervention. Averaged MEPs for the test stimulus (TS) alone, after 
conditioning stimulus (CS) by TMS at ISIs of 3 and 10 ms In (A) whole-body Wl and (B) whole-body WF. 
doi:1 0.1 371/journal.pone.01 02472.g004 
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induced by whole-body WF, and the results elucidate many 
neurophysiological changes that occur in the primary motor 
cortex. A greater understanding of these changes may allow for 
more effective use of aquatic therapy for neurorehabilitation. 

rMT is thought to reflect neuronal membrane excitability 
because it is increased by drugs that block voltage-gated sodium 
channels [31], but not by those influencing neuronal synaptic 
transmission. Compared with rMT, the MEP recruitment curve 
was used to assess neurons that are intrinsically less excitable or are 
spatially further from the center of activation by TMS [32]. 
Therefore, the decrease in rMT and the increase in MEPxest 
observed in the present study indicate increased membrane 
excitability and stronger neural synaptic transactions. 

Because the paired-pulse technique gives access to the motor 
cortex independently of spinal or peripheral mechanisms, it also 
allows for the evaluation of the intracortical circuits. There is good 
evidence that the interaction between a sub-threshold conditioning 
stimulus and a supra-threshold test stimulus at a short ISI (1-5 ms) 
reHes on the activation of y-aminobutyric acid (GABA), particu- 
larly GABA-A, circuits in the motor cortex [31,33,34]. The circuit 
underlying intracortical facilitation is less well understood and is 
thought to be mediated by glutamate [35]. Moreover, the 
downregulation of inhibitory neural circuits also seems to play a 
critical role in strengthening excitatory synapses [18]. Our findings 
suggest that whole-body WF to the lower limbs has a direct effect 
on the excitability of the intracortical circuit responsible for SICI 



at the cortical level. The increase in motor cortical excitability 
appeared to be in response to interactions in the sensorimotor 
cortex induced by afferent input of WF stimulation, not by water 
immersion. 

We were uncertain as to why MI excitability increased and SICI 
decreased under whole-body WF at Tl, T2, and T3, because the 
hands of the subjects were not actually immersed in the water. 
Rosenkranz and Rothwell [13] explored the pattern of effects on 
MEPs and SICI in 3 different intrinsic hand muscles after 
vibration of each in turn. They showed that low-amplitude 
vibration of a muscle can increase the amplitude of MEPs evoked 
in that muscle, while at the same time decrease the effectiveness of 
SICI and these effects exhibit a differential distribution in the 
vibrated versus non-vibrated hand muscles. They conclude that 
vibratory stimulation can produce differential change in the 
excitability of populations of cortical inhibitor)- neurons that 
project to different output zones of the motor cortex. However, 
whole-body WF in the present study differed from that in a study 
by Rosenkranz and Rothwell [13] with respect to the wide 
receptive field of the afferent input. Takahashi et al. [36] examined 
whether effects of muscle fatigue are always localized to the 
exercised muscle groups or to homologous muscles on the 
opposing side of the body, or whether more widespread effects 
occur if the exercise is particularly strenuous or involves very large 
muscle groups. The results of their study indicate that muscle 
fatigue induced by strenuously exercised lower limbs exhibits a 
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decrea.se in excitability of the corticospinal tract and a disinhibition 
of intracortical circuits during the recovery period in the non- 
exercised upper limb. Thus afferent inputs from muscle spindles 
and skin in a wide receptive field, such as affected by whole-body 
WF, has wide-spread effects on various areas of MI, even without 
exercise, as we obser\'ed in the present study. After whole-body 
WF, effects last for 20-30 min in FDI and suggest a somatotopic 
spread from the lower limbs to the hand. However it is not clear 
what process may transmit signals along to the cortex. Another 
explanation for these effects might involve the connection between 
the MI and the posterior parietal cortex (PPC). Naito et al. [37] 
measured brain activities during tendon and skin vibration of the 
upper and lower limbs using functional MRI, and demonstrated 
that vibration of any limb activated the inferior parietal lobule 
(IPL), inferior frontal cortex (IF) and basal ganglia (BG). Thus, the 
authors indicate that right IPL activity seems to be a typical 
activation elicited by the sensory processing of peripheral 
kinesthetic inputs [37]. In addition, a twin coil transcranial 
magnetic stimulation approach demonstrated that PPC exerts 
both facilitatory and inhibitory effects towards the contralateral 
MI [38] . Based on these results, we propose that WF stimulation to 
the lower limbs can increase MI excitability and decrease SICI in 
the hand area via activities in PPC. 

We were also uncertain as to why both whole-body Wl and WF 
were insufficient to alter ICF because continuous afferent input 
induced not only an increase in coritcospinal excitability and 
decreased SICI but also increased ICF [22,27]. As mentioned 
above, SICI and ICF are modulated by different neural 
mechanisms. SICI is likely because of the inhibitory effects of 
GABAergic interneurons. Tlu^ GABAergic neurons of the cerebral 
cortex are aspiny nonp\ramidal neurons that constitute 2b%—?>{)% 
of cortical neurons [19.39|. in the motor cortc'x (area 4), layer II 
has the highest concentration of GABAergic neurons [19] with 
prominent vertical GABAergic projections [40] . Cortical pyrami- 
dal cells receive extensive GABAergic synapses [19]. ICF may 
occur because of the activation of corticocortical pyramidal cells 
and associated axons because they have excitatory glutaminergic 
synapses [39,40]. These cells are mainly located in layers II and 
IIIA, and there are intracortical connections between layers III 
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